The high-temperature phase of lanthanum germanate is useful due to its high oxide ion conductivity. While the transition from the high-to low-temperature phase could be suppressed by yttrium substitution in lanthanum sites, full stabilization of the high-temperature phase was difficult to achieve by yttrium substitution under conditions of different lanthanum-deficient compositions, as some X-ray diffraction (XRD) peaks were broadened after annealing at 873 K. With lattice constant analysis using the XRD peaks, the degree of lattice asymmetry for the low-temperature phase with triclinic lattice was found to decrease with increases in the deficiency of the lanthanum site and yttrium concentration. Formation of the low-temperature phase was difficult to detect even from Raman shift spectra. On the other hand, Raman shift spectra showed high sensitivity to detection of the La 2 GeO 5 impurity phase. The influence of the total conductivity on the phase transition showed different trends with increases in the lanthanum deficiency and yttrium concentration. With tuning of the composition, the highest conductivity was observed in La 8.51 Y 0.96 (GeO 4 ) 6 O 2.205 . This conductivity (6.12 © 10 ¹1 S/m ¹1 at 873 K) is higher than that of yttria-stabilized zirconia at the same temperature.
Introduction
Lanthanum germanate oxyapatite belongs to the oxyapatite family of oxide ion conductors, and its usefulness was initially discovered for various lanthanoid silicates in 1995. 1) ,2) Since its high oxide ion conductivity at above 1023 K was reported by Arikawa et al., 3) lanthanum germanate oxyapatite has attracted attention for applications as solid electrolytes in solid oxide fuel cells and chemical sensors. 4) Its conductivity decreases drastically at lower temperatures, however, due to a phase transition from a high-temperature structure with hexagonal symmetry to a low-temperature structure with a triclinic one.
3),5) 8) Hence, stabilization of the high-temperature phase at below 1023 K is necessary for maintaining the high oxide ion conductivity over a wide temperature range.
Two methods have been proposed for inhibiting this phase transition. One uses low-temperature synthetic processes, such as mechanochemical, coprecipitation, and citrate combustion methods. 9)12) By these processes, lanthanum germanate with a hexagonal structure was synthesized at below 1373 K and seemed to be stable at room temperature. However, the fabrication of highly sintered ceramics is difficult at below 1373 K, while samples synthesized at above 1523 K exhibited the phase transition.
3),6)8), 13) 16) The second approach involves doping of the lanthanum and/or germanium sites with different elements. Yttrium, alkali earth elements, aluminum, manganese, tungsten, niobium and titanium are known to be effective for stabilizing the high-temperature phase.
4),16)30)
However, the optimum composition has not been clarified, because the doped lanthanum germanates with different compositions have not been investigated in detail.
In this study, we focused on yttrium-doped lanthanum germanate, because the shared valence number of yttrium and lanthanum allows the effect of doping on the stability of the high-temperature phase to be examined under a fixed oxide ion concentration. Moreover, yttrium-doped lanthanum germanate is expected to be chemically stable, because the valence number of yttrium is known to remain at three in wide range of temperatures and oxygen partial pressures. Although the crystal structure and total conductivity were reported for the La 8 
Material and methods

Sample preparation
All samples were synthesized by the citrate combustion method.
12) The sample compositions were La 9.8¹¡ Y ¡ -(GeO 4 ) 6 The raw materials used were lanthanum nitrate hexahydrate (Nakalai tesque, Japan), yttrium nitrate hexahydrate (Nakalai tesque, Japan), germanium dioxide (Rare Metallic Co. Ltd., Japan), citric acid (Nakalai tesque, Japan), nitric acid aqueous solution (Nakalai tesque, Japan), and ammonia aqueous solution (Nakalai tesque, Japan). Lanthanum nitrate hexahydrate and yttrium nitrate hexahydrate were separately dissolved in distilled water at concentrations of about 1.5 © 10 ¹3 and 1 © 10 ¹3 mol/m 3 , respectively. The concentrations of lanthanum and yttrium ions were measured by the chelate metric titration method, using ethylenediamine-N,N,NB,NB-tetra acetic acid disodium salt aqueous solution (0.1 M Tekiteieki, Dojindo Co., Japan) as a chelating agent, xylenol orange (XO, Dojindo Co., Japan) as an indicator, and hexamethylenetetraamine (Nakalai tesque, Japan) as a pH buffer. These solutions, referred to as La-solution and Y-solution hereafter, were stocked in glass bottles. Dilute solutions of nitric acid and ammonia at 10 vol.% were separately prepared using the respective solutes and distilled water.
The weight of the synthesized oxyapatite sample was about 5 g for each batch. A calculated amount of germanium dioxide was dispersed in about 0.1 © 10 ¹3 m 3 of distilled water. The solution became opaque, because the amount of germanium dioxide exceeded the solubility limit. Dilute ammonia solution was slowly pipetted into the first solution until the opaque solution became clear. 11) White precipitate was then formed by pipetting the requisite amounts of La-solution and Y-solution. This precipitate was dissolved again by adding dilute nitric acid until the pH was below 2. Citric acid (equimolar to the sum of La, Y, and Ge in the solution) was then dissolved in the solution. The resulting pH (about 0.7) was adjusted to about 1.9 by pipetting the dilute ammonia solution in order to prevent composition change by forming a highly viscous substance that is rich in germanium. 12) Excess water in the resulting solution was evaporated out by heating with a hot stirrer until the sample became a transparent, viscous gel. The beaker containing the gel was then transferred to the heating mantle, and the gel was pyrolyzed by further heating at about 673 K. The dark brown-colored residual was crushed into powder using an agate mortar and pestle, and heated at 1073 K for 1.08 ks in air to obtain the oxyapatite powder (referred to as "preheated powder" hereafter).
The preheated powder was pressed under 63 MPa into pellets 20 mm in diameter and about 1.5 mm thick. The pellets were pressed again at 392 MPa by the cold isostatic press method. The pressed pellets were sintered at 1623 K for 2.16 ks in air, and their relative densities were then measured by the Archimedes method ( Table 1) . Two or three sintered pellets were crushed into powder with agate mortar and pestle. This powder will be referred to as "sintered powder" hereafter. Next, the sintered powder was annealed at 873 K for 43.2 ks under air (the product will be referred to as "annealed powder" hereafter), in order to assess the phase transformation.
Characterization
The phases formed in the sintered and annealed powders were characterized by powder X-ray diffraction (XRD) analysis and laser Raman spectroscopy. The powder XRD patterns were collected at 298 K by SmartLab powder diffractometer (Rigaku Co. Ltd., Japan) with Bragg Brentano geometry and Cu K¡1 radiation using a germanium monochromator. The diffractometer was equipped with a linear high-speed detector and operated at 45 kV and 200 mA. The XRD patterns of the samples could not be indexed completely due to a strong peak overlap, because the crystal structure of lanthanum germanate is especially complex in the low-temperature phase. The lattice parameters (a, b, c, ¡, ¢, and £) of the main phase were calculated by combinations of the crystal structure model and free software (PDIndexer). 34) Raman spectra were collected at room temperature under a backscattering geometry by laser micro-Raman spectrometer (Nicolet Almega XR, Thermo Fischer Scientific, USA). The spectra were taken with a ©100 microscope object lens, and the excitation laser wavelength was 532 nm.
Conductivity measurement
Total conductivity (· t ) was measured by the electrochemical impedance method. A platinum electrode with a diameter of 6 mm was fabricated by painting with platinum paste (TR-7907, Tanaka kikinzoku kogyo, Japan). The paste was burned at 1273 K for 600 s in air before the conductivity measurements. For each composition, both surfaces of a sintered pellet were polished with waterproof polishing paper (#600) and washed with ethanol. The pellet was sandwiched between two platinum meshes and fixed in place by two porous alumina disks. Each platinum mesh was bonded with two platinum wires, and the platinum wires were connected with the working, counter, reference, and sensing lines of a potentio/galvanostat (VersaStat3, Princeton Applied Research, USA) to avoid Ohmic loss by the platinum lead wires. The impedance spectra were collected in the frequency range of 100 kHz to 100 mHz and at 1273673 K in air, and analyzed by the appropriate equivalent circuit models using ZView software (Scribner Associates Inc., USA). The bulk resistance was calculated from the real part of the impedance spectrum at high frequency, the electrode area, and the sample thickness. Most of the impedance spectra were collected during cooling from 1273 to 673 K. The holding period at fixed temperature before the measurement was longer than 3.6 ks. In order to check the influence of the phase transition on total conductivity, impedance measurements of La 8 Figs. 1 and 2 , which show the positions of almost all the diffraction peaks to be in good agreement with those of hexagonal oxyapatite 35) and monoclinic La 2 GeO 5 , 36) respectively. The Raman spectrum of the La 9.67 (GeO 4 ) 6 O 2.505 preheated powder is in good agreement with that of La 9.6 (GeO 4 ) 6 O 2.4 synthesized by mechanochemical reaction and following anneal at 1273 K.
9) The La 9.6 (GeO 4 ) 6 O 2.4 annealed powder was confirmed to have a hexagonal oxyapatite structure by selected area electron diffraction patterns obtained using a transmission electron microscope.
9) The crystal structure parameters of the La 9.67 (GeO 4 ) 6 O 2.505 preheated powder, on the other hand, could not be refined by the Rietveld analysis, because the atomic displacement parameters converged to show inappropriately large values (³0.03 ¡ 2 ) for all the sites. Considering these results, the La 9.67 (GeO 4 ) 6 -O 2.505 preheated powder was thought to have a crystal structure close to the hexagonal oxyapatite. The Raman spectrum of La 2 GeO 5 was obtained as a reference, because this spectrum has not been reported previously to the best of our knowledge. Although the XRD patterns of La 9.8 (GeO 4 ) 6 O 2.7 sintered and annealed powders seem to be mixtures of triclinic apatite 7) and La 2 GeO 5 , 36) indexing the peaks was difficult Journal of the Ceramic Society of Japan 126 [2] 91-98 2018 due to the considerable peak overlap (Fig. 3) . Annealing at 873 K produced no phase change, according to the almost identical diffraction patterns of the sintered powder [ Fig. 3(a-1) ] and annealed powder [ Fig. 3(a-2) ]. From the Raman spectra of La 9.8 (GeO 4 ) 6 O 2.7 , both sintered powder and annealed powder [Figs. 4(a-1) and 4(a-2) ] were mixtures of the hexagonal oxyapatite and monoclinic La 2 GeO 5 shown in Fig. 2 . The Raman spectra were also nearly independent of the annealing treatment.
The XRD patterns of the sintered powders with compositions of La 8 . The diffraction peaks became sharper upon yttrium doping, enabling the peaks to be indexed as those of hexagonal oxyapatite. The 120; 210 and 300 peaks were broadened, however, compared to the others (Fig. 3) . After annealing at 873 K, peak broadening and splitting were clearly observed in La 9.82 Y 0.96 (GeO 4 ) 6 O 2.7 [ Fig. 3(b-2) ].
Although the La 7.84 Y 1.96 (GeO 4 ) 6 O 2.7 sintered powder and annealed powder have almost the same Raman spectra [Figs. 4(c-1) and 4(c-2) ], broadening of the XRD peaks was observed for the 120; 210, and 300 diffractions, as shown in Figs. 3(c-1) and 3(c-2) . Combined with these data, the La 7.84 Y 1.96 (GeO 4 ) 6 O 2.7 annealed powder might represent a partially stabilized phase. Based on Fig. 3 , the formed phases are found to become more hexagonal with increased in the yttrium concentration.
In the Raman spectra of La 9.82 Y 0.96 (GeO 4 ) 6 O 2.7 samples [Figs. 4(b-1) and 4(b-2) ], small peaks appeared at around 647 and 177 cm ¹1 after the annealing treatment. The peak at around 177 cm ¹1 , in particular, is different from that collected from the La 9.67 (GeO 4 ) 6 O 2.505 preheated powder (Fig. 2) , and might, therefore, be an index of the lowtemperature phase transition.
The affected phase transition behavior is distinctly confirmed from the measured · t values. Definite deviations from the linear relationship between log (· t ) and T ¹1 were Fig. 5 . The activation energy calculated from the slope of the log (· t ) versus T ¹1 plot is listed in Table 2 . The deviation from the linear relationship in the Arrhenius plot is explained by the transition from the high-temperature phase to the middleto low-temperature phases in the case of La 10¹x AE x -(GeO 4 ) 6 , a large hysteresis in · t was observed between 973 and 823 K, when comparing the · t measured in the cooling direction with that in the following heating direction (Fig. 6) . The intermediate temperature in the hysteresis region is about 890 K, which corresponds to the phase transition temperature. Meanwhile, almost no hysteresis in · t was found for La 7 In the case of La 9.67 (GeO 4 ) 6 O 2.505 , the trend of the annealing effect is different from that for La 9.8 (GeO 4 ) 6 O 2.7 . The XRD pattern of the La 9.67 (GeO 4 ) 6 O 2.505 sintered powder seems to be close to that of the triclinic apatite phase [ Fig. 7(a-1) ]. The split in the XRD peaks in the annealed powder was reduced compared to that in the sintered powder [ Fig. 7(a-2) ]. No large difference was observed in the Raman spectra of these powders, and there were no peaks from La 2 GeO 5 (Fig. 8) . The Raman peaks of both La 9.67 (GeO 4 ) 6 O 2.505 sintered and annealed powders are thought to be combinations of the hexagonal apatite peaks in Fig. 1 and additional peaks at around 743 and 173 cm ¹1 . (Figs. 5 and 9 ). E h and E l represent the activation energies at high temperature and low temperature regions, respectively. Temperature range used for the calculation is also listed Note that most of the Raman peaks are attributed to the internal vibrational mode of the GeO 4 4¹ tetrahedra, as well as to translation and libration of GeO 4 .
9) The similarity of the Raman spectra in the La 9.67 (GeO 4 ) 6 O 2.505 sintered and annealed powders indicates, however, that the local environment of germanium is not changed by annealing at 1073 K.
Although the XRD peaks of La 8.69 Y 0.98 (GeO 4 ) 6 O 2.505 sintered and annealed powders could both be indexed as hexagonal oxyapatite [Figs. 7(b-1) and 7(b-2) ], broadening occurred at the 120; 210, 121; 211, and 300 peaks for the annealed powder [ Fig. 7(b-2) (Fig. 8) showed no noticeable difference, and there was, therefore, no evidence of triclinic phase formation.
Lanthanum site deficiency and high yttrium concentrations are considered likely to improve hexagonality. Hence, a sample with higher lanthanum site deficiency [La 8.51 Y 0.96 (GeO 4 ) 6 O 2.205 ] was investigated. Even at this composition, XRD peak broadening was observed at the 120; 210, 121; 211, and 300 peaks in the annealed powder as compared to the sintered powder [Figs. 7(d-1) and 7(d-2)], and almost the same Raman spectra were obtained from the sintered and annealed powders (Fig. 8) .
As concerns · t , unlike in the case of La 9.8 (GeO 4 ) 6 O 2.7 , only one bend was observed on the Arrhenius plot for La 9 .67 (GeO 4 ) 6 O 2.505 at around 923 K, as shown in Fig. 9 are hexagonal (constraints: a = b, ¡ = 90°, ¢ = 90°, £ = 120°) and triclinic (no constraints), respectively. The variable lattice constant values of the main phase are presented in the figure. (Fig. 10) , the spectra are found to be constructed mainly of one decompressed semicircle, which is a typical electrode impedance. 
Conclusions
The effect of yttrium doping on lanthanum germanate oxyapatite in terms of stabilizing hexagonality and total conductivity was systematically investigated as a function of lanthanum deficiency and yttrium concentrations. Although hexagonality was found to be improved by yttrium doping when the amounts of lanthanum and yttrium were fixed in the as-synthesized samples, a change in the crystal structure might proceed post annealing at 873 K due to observed broadening at the 120; 210, 121; 211, and 300 XRD peaks. Despite the changed XRD patterns, however, no distinct changes in the Raman spectra were observed for the yttrium-doped lanthanum germinates.
The ) is lower under the same condition. Phase transition-suppressed lanthanum germanate oxyapatite with high conductivity could be a good candidate material for solid electrolytes in solid oxide fuel cells operating at low-to mid-temperatures, water vapor electrolysis cells, and oxygen sensors. 
